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Fertile	 island	 effects	 were	 estimated	 at	 each	 site	 by	 comparing	 composite	 soil	
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1  | INTRODUCTION
Dryland	 ecosystems	 occupy	 about	 45%	of	 the	 Earth’s	 land	 surface,	
store c.	20%	of	 the	global	soil	carbon	 (C)	pool	and	contribute	up	to	
30%–35%	 of	 terrestrial	 net	 primary	 production	 (Huang,	 Yu,	 Guan,	














they	 are	 a	 key	 determinant	 of	 ecosystem	 functioning	 (Whitford	 &	
Wade,	2002).	Factors	such	as	soil	texture,	slope	and	rainfall	patterns	
are	known	to	determine	the	amount	of	run-	off	generated	and,	there-
fore,	 could	plausibly	 account	 for	 the	magnitude	of	 the	 fertile	 island	
effect,	defined	as	the	relative	difference	between	plant	canopies	and	
open	areas	devoid	of	vascular	vegetation	(Allington	&	Valone,	2014).	
However,	we	 do	 not	 know	 how	 ubiquitous	 the	 formation	 of	 fertile	
islands	 is	 globally	 nor	which	 are	 the	main	 biotic	 and	 abiotic	 factors	
controlling	their	magnitude.	Since	dryland	structure	and	function	are	
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traits,	relative	interaction	index,	soil	properties
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2017).	 However,	 top-	down	 effects	 of	 plant	 community	 attributes	
and	 functional	 traits	on	soil	properties	are	also	well	documented	as	
a	consequence	of	variations	in	the	quantity	and	quality	of	litter	inputs	
(Cleveland	 et	al.,	 2014;	Valencia	 et	al.,	 2015),	 differences	 in	 canopy	
shading	 (Breshears	 et	al.,	 1997;	 Linstädter,	 Bora,	Tolera,	 &	Angassa,	
2016)	and/or	modifications	 in	soil	 resource	dynamics	 through	nutri-
ent	redistribution	and	hydraulic	lift	(Prieto,	Padilla,	Armas,	&	Pugnaire,	
2011).	 Therefore,	 clear	 associations	 between	 community	 structure,	
functional	traits	of	the	focal	plant	(i.e.,	the	plant	under	which	the	fer-
tile	island	forms)	and	the	properties	of	its	associated	fertile	island	are	
























land	effect.	Moreover,	 recent	studies	 indicate	 that	 increasing	aridity	



















attributes.	We	specifically	hypothesized	that	 the	 fertile	 island	effect	
is	enhanced	 in	dense,	species-	rich	shrublands	and	woodlands	domi-
nated	by	woody	species	with	 low-	SLA	 leaves	 (Valencia	et	al.,	2015).	











2  | MATERIALS AND METHODS
2.1 | Study sites
Soil	samples	were	collected	from	236	sites	in	19	countries	from	five	
continents	 (Argentina,	 Australia,	 Botswana,	 Brazil,	 Burkina	 Faso,	
Chile,	China,	Ecuador,	Ghana,	Iran,	Israel,	Kenya,	Mexico,	Morocco,	
Peru,	Spain,	Tunisia,	USA	and	Venezuela).	These	 sites	 include	 the	
224	 sites	used	 in	Maestre	 et	al.	 (2012)	plus	12	 additional	 sites	 in	
Botswana,	 Ghana	 and	 Burkina	 Faso	 surveyed	 in	 2012	 and	 2013	
(Figure	S1).	Sites	were	chosen	to	cover	a	wide	spectrum	of	abiotic	
(climatic,	soil	type,	slope)	and	biotic	(type	of	vegetation,	total	cover,	
species	 richness)	 features	 characterizing	 drylands	 worldwide.	 To	
test	the	consequences	of	increasing	aridity	levels	(arid,	semiarid	and	
dry	 sub-	humid)	 on	 the	magnitude	of	 fertile	 islands,	we	 calculated	
the	Aridity	Index	(AI,	defined	as	precipitation/potential	evapotran-
spiration)	 of	 each	 site	 as	 described	 in	 Zomer,	 Trabucco,	 Bossio,	







All	 study	 sites	 were	 sampled	 following	 the	 same	 protocol.	 At	
each	 site,	 we	 surveyed	 80	 1.5	m	×	1.5	m	 quadrats	 within	 one	
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collected	 from	each	 individual	 quadrat,	 bulked	 and	homogenized	 in	
the	 field.	Samples	were	subsequently	bulked	at	 the	plot	 level	 sepa-
rately	for	each	microsite.	This	resulted	in	a	composite	sample	for	open	
areas	per	site,	and	one	or	two	composite	samples	underneath	plant	
patches,	 depending	 on	 the	 dominant	 plant	 patches	 (grass,	 shrub	 or	
tree)	present.	In	80	of	the	236	sites	surveyed,	about	5	g	of	soil	was	
stored	 at	 −20°C	 after	 field	 collection	 for	microbial	 analyses.	 These	




different	 sites	 and	 to	 facilitate	 the	 comparison	 of	 results	 between	
them,	dried	and	frozen	soil	samples	from	all	locations	were	shipped	to	
Spain	for	laboratory	analyses.
We	 compiled	 a	 dataset	 of	 the	 functional	 traits	 of	 the	 dominant	
plant	 species	 beneath	which	 soil	 samples	 had	 been	 collected	 from.	
These	functional	traits	included:	functional	type	(grass,	shrub	or	tree),	






form	and	functions	globally	 (Díaz	et	al.,	2016),	 (2)	 they	can	be	read-
ily	measured	in	the	field	or	easily	obtained	from	data	available	in	the	
literature	and,	most	importantly,	(3)	they	are	known	to	influence	soil	
fertility	and	nutrient	cycling	(Santiago,	2007).	We	gathered	on site trait 





dicators	 of	 soil	 function	 (hereafter	 functions)	 associated	with	 C,	 N	




for	 the	N	 cycle	 and	 (3)	 total	P,	 available	 (Olsen)	P	 and	phosphatase	
activity	for	the	P	cycle.	These	variables	were	measured	as	described	
in	Maestre	 et	al.	 (2012)	 and	 Delgado-	Baquerizo,	Maestre,	 Gallardo,	
Bowker	et	al.	(2013).
To	 test	 the	 role	 of	 the	 abundance	 and	 diversity	 of	 microbial	
communities	on	 the	 fertile	 island	effect,	DNA	was	extracted	 from	
0.5	g	 of	 defrosted	 soil	 from	 the	 subset	 of	 sites,	 for	which	 frozen	
samples	were	available	using	 the	Powersoil®	 Isolation	Kit	 (Mo	Bio	
Laboratories,	 Carlsbad,	 CA,	 USA).	 Quantitative	 PCR	 (qPCR)	 reac-
tions	were	carried	out	 in	triplicate	on	an	ABI	7300	Real-	Time	PCR	
(Applied	Biosystems,	Foster	City,	CA,	USA).	The	bacterial	16S-	rRNA	
genes	 and	 fungal	 internal	 transcribed	 spacer	 (ITS)	were	 amplified	
with	 the	 Eub	 338-	Eub	 518	 and	 ITS	 1-	5.8S	 primer	 sets	 (Evans	 &	
Wallenstein,	2012).	Amplicons	targeting	the	bacterial	16S	rRNA	and	
fungal	ITS	genes	were	sequenced	using	the	Illumina	Miseq	platform	
(Caporaso	 et	al.,	 2012)	 and	 the	 341F/805R	 (bacteria)	 and	 FITS7/
ITS4	 (fungi)	 primer	 sets	 (Herlemann	 et	al.,	 2011;	 Ihrmark	 et	al.,	
2012)	as	described	in	Appendix	A.	Sequencing	was	done	at	the	Next	
Generation	 Genome	 Sequencing	 Facility	 of	 the	 Western	 Sydney	
University	 (Australia).	These	data	were	used	 to	 calculate	 Shannon	
diversity	indices	for	bacteria	and	fungi	(see	Maestre	et	al.,	2015	for	
further	details).
2.4 | Numerical and statistical analyses
We	 used	 the	 relative	 interaction	 index	 (RII;	 Armas,	 Ordiales,	 &	
Pugnaire,	2004)	to	estimate	the	magnitude	of	the	fertile	island	effect	




















islands	 are	 typically	 characterized	 for	 simultaneously	 enhancing	
several	functions	compared	to	the	surrounding	matrix	of	bare	soil.	
Therefore,	we	 assumed	 that	 the	 greater	 the	 number	 of	 functions	
that	 scored	over	 a	 given	 threshold	of	 functioning,	 the	greater	 the	
magnitude	of	the	fertile	island	effect	at	that	given	threshold	is.	The	
fertile	 island	effects	 for	 thresholds	between	5%	and	99%	of	max-
imum	 functioning	 were	 calculated	 using	 the	 “multifunc”	 package	
(Byrnes	et	al.,	2014)	 in	r	version	3.2.2	(R	Core	Team,	2016).	These	
calculations	 were	 done	 separately	 for	 each	 scale	 of	 analysis	 (i.e.,	
sampling	 sites	 and	 focal	 plants)	 and	 for	 the	 subset	of	 samples	 for	
(1)RII = (Xc − Xo)∕(Xc + Xo)
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which	microbial	 data	were	 available.	 In	 the	 latter	 analysis,	 and	 to	
account	for	the	effect	of	differences	in	the	abundance	and	diversity	
of	 microbial	 communities	 between	 vegetated	 and	 non-	vegetated	
microsites,	we	calculated	four	additional	RII	values	using	the	abun-
dance	and	Shannon	diversity	of	both	bacteria	and	fungi.
After	 these	 calculations,	we	used	 general	 and	 generalized	 linear	
models	(LMs	and	GLMs;	‘lm”	and	“glm”	functions	from	the	basic	“stats”	
package)	 to	 evaluate	 the	 effects	 of	 aridity	 class	 (arid,	 semiarid	 and	
dry	sub-	humid)	and	categorical	functional	traits	 (growth	form	[grass,	
shrub,	 tree],	N	 fixing	ability	and	canopy	architecture	 [canopy	touch-
ing	the	ground	or	not])	on	individual	soil	functions	(LMs)	and	on	the	
overall	 fertile	 island	effect	 for	 thresholds	 ranging	between	10%	and	
90%	 in	10%	 increment	 intervals	 (GLMs	with	a	Poisson	distribution).	
We	 also	 evaluated	 the	 effect	 of	 these	 categorical	 traits	 on	 the	 fer-




nity	 attributes,	 continuous	 plant	 functional	 traits	 (SLA	 and	 height)	
and	edaphoclimatic	 (aridity,	 sand	and	pH)	and	 topographic	 (altitude,	
slope)	variables	 (Poisson	regression).	Given	that	 it	has	been	recently	



























one	 indicator	 of	 topography,	 soil	 properties,	 plants	 or	 soil	microbial	
communities	 appeared	highly	 informative,	we	checked	 if	 these	vari-
ables	were	weakly	correlated	(e.g.,	sand	content	and	soil	pH,	SLA	and	
height,	relative	woody	cover	and	plant	diversity	and	fungal	abundance	
and	diversity),	 in	which	case	 they	were	both	 included	 in	 the	model.	
We	constructed	an	a	priori	model	that	contained	four	abiotic	variables	



















95%	 confidence	 intervals	 of	 RII	 not	 overlapping	 zero	 (Figure	1	 and	
Figures	S2–S5).	 This	 was	 particularly	 evident	 for	 microbial	 abun-
dance,	 enzymatic	 activities	 and	 recalcitrant	 C	 compounds	 (aromat-
ics	 and	phenols).	 In	 contrast,	 bacterial	 diversity	was	 slightly	 smaller	
under	plant	 canopies.	The	 average	 fertile	 island	effect	was	 consist-
ently	 greatest	 under	 semiarid	 climates	 although	 arid	 climates	 also	
formed	 fertile	 islands	 at	 functioning	 thresholds	 between	 40%	 and	
80%	(Figure	2a	and	Figures	S2,	S3).	Fertile	islands	that	simultaneously	
enhanced	 a	 higher	 number	 of	 functions	 were	 also	 associated	 with	














at	 thresholds	between	5%	and	36%	 (Figure	3c),	 to	plant	diversity	at	
thresholds	 between	5%	 and	84%	 (Figure	3d)	 and	 to	 relative	woody	
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respectively	(Figure	S6),	indicating	that	greater	fertile	island	effects	are	
found	in	flatter	areas	at	lower	elevation	sites.	The	percentage	of	land	
covered	 by	 rangelands	 (our	 surrogate	 of	 potential	 grazing	 pressure)	
was	 only	 weakly	 related	 to	 the	 fertile	 island	 effect	 at	 thresholds	
68%–69%,	73%–75%	and	78%	 (Figure	S7).	At	 the	 focal	 plant	 scale,	
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between	11%	 and	42%	 (Figure	3f)	 and	 positively	 to	 plant	 height	 at	
thresholds	between	5%	and	99%	(Figure	3g).	Fungal	abundance	and	
diversity	were	 positively	 and	 negatively	 related	 to	 the	 fertile	 island	







sand	content	and	soil	pH	were	 related	 to	 the	 fertile	 island	effect	at	
thresholds	between	39%–99%,	20%–94%,	40%–99%	and	12%–81%,	
respectively,	 while	 relative	woody	 cover,	 fungal	 abundance	 and	 di-
versity	were	 also	 significantly	 related	 to	 the	 fertile	 island	 effect	 at	
thresholds	between	20%–99%,	9%–99%	and	39%–99%	respectively	





































































































































































































































































































































































































































































portion	 of	 the	 fertile	 island	 effect	 for	 each	 individual	 function	 than	
the	most	explicative	model	including	all	functions	(models	ranged	be-
tween	17%	[pentoses	and	ammonium]	and	38%	[pentoses]),	although	










under	 plant	 canopies,	while	 greater	 relative	woody	 cover	 enhanced	
the	fertile	island	effect	for	hexoses,	available	P	and	proteins.	Soil	pH	






nomenon	 in	 drylands	worldwide.	 They	 also	 provide	 novel	 evidence	




















χ2 = 1.296, p = .52, df = 2
RMSEA < 0.001, p = .58  
0.47** → pH










R2 = 0.37 
















affect	 the	magnitude	of	 fertile	 islands	 through	 several	mechanisms,	
including	 increasing	 nutrient	 redistribution	 efficiency	 (Collins	 et	al.,	
2014;	 Schlesinger	 &	 Pilmanis,	 2010).	 Denser	 woody	 vegetation	 is	
likely	 to	be	 associated	with	 a	more	 strongly	 developed	 root	 system	











(Graham	 et	al.,	 2016;	 Schnitzer	 et	al.,	 2011;	Van	Der	Heijden	 et	al.,	
2008).	Greater	plant	cover	and	relative	woody	cover	are	also	likely	to	
provide	a	more	suitable	habitat	for	microbial	communities	than	areas	







although	 these	effects	were	mostly	 indirect	via	 fungal	communities,	
particularly	in	the	case	of	SLA.	Possible	mechanisms	include	the	fact	
that	 taller	 trees	 tend	 to	 provide	 better	 branches	 for	 birds	 to	 perch	
(Pausas	et	al.,	 2006),	better	 shading	 for	 animals	 (including	 livestock)	
due	 to	 a	 higher	 canopy	 density	 and	 larger	 canopy	 area	 (Linstädter	
et	al.,	 2016)	 and	 a	better	 capture	of	 aeolian	particles	 and	 a	promo-
tion	of	hydraulic	lift	(Okin	et	al.,	2004).	Taller	woody	plants	also	usu-
ally	 account	 for	 a	 higher	 biomass	per	 individual	 and	hence	produce	
more	litter.	These	litter	inputs	will	accumulate	and,	depending	on	their	
properties,	 decompose	 at	 different	 rates.	High-	SLA	 leaves	 are	 likely	
to	be	decomposed	and/or	consumed	quickly,	 leaving	little	behind	to	
contribute	to	the	stable	carbon	pool	(Diaz	et	al.,	2004).	However,	low-	
SLA	 litter	will	 remain	under	the	plant	canopy	for	 longer	periods	and	




extracellular	 enzymes	 and	 aromatic	 compounds,	 suggesting	 that,	 in	











N	and	 the	magnitude	of	 their	associated	 fertile	 island,	as	calculated	
with	 the	multiple	 threshold	 approach,	 is	 surprising,	 as	most	 studies	
assume	a	significant	association	between	the	ability	of	plants	to	sym-







ecosystem	 change	 in	 drylands	 worldwide	 (Asner,	 Elmore,	 Olander,	
Martin,	&	Harris,	2004).	In	our	study,	we	did	not	directly	account	for	
differences	in	grazing	pressure	but	evaluated	the	potential	association	




However,	we	showed	that	 the	magnitude	of	 the	fertile	 island	effect	
can	 be	 attributed	 to	 differences	 in	 plant	 cover,	woody	 cover,	 plant	
functional	traits	and	fungal	abundance	and	diversity;	all	attributes	that	
have	previously	been	shown	to	be	influenced	by	grazing	(Asner	et	al.,	





fertile	 islands	 in	 global	 drylands	 largely	 depends	 on	 attributes	 of	






tions	 are	 likely	 favouring	 the	 development	 of	 active	 and	 complex	
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fungal	 communities	 under	 plant	 canopies,	 which	 our	 data	 suggest	
as	one	of	the	main	direct	drivers	of	fertile	island	formation.	A	more	
developed	 network	 of	 hyphal	 connections	 among	 scattered	 plants	
may	 result	 in	 a	more	efficient	processing	 and	 redistribution	of	 soil	
resources	 found	 in	 the	 interspaces,	which	are	 then	 remobilized	 to-
wards	 the	 vegetated	 areas,	 further	 contributing	 to	 the	 creation	 of	





native	woody,	 tall	 species	based	on	 their	 lower	SLA	values	and	 in-
oculation	with	native,	drought-	resistant	fungal	strains	could	help	to	
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